Bone has an architecture which is optimized for its mechanical environment. In various conditions, this architecture is altered, and the underlying cause for this change is not always known. In the present paper, we investigated the sensitivity of the bone microarchitecture for four factors: changes in bone cellular activity, changes in mechanical loading, changes in mechanotransduction, and changes in mechanical tissue properties. The goal was to evaluate whether these factors can be the cause of typical bone structural changes seen in various pathologies. For this purpose, we used an established computational model for the simulation of bone adaptation. We performed two sensitivity analyses to evaluate the effect of the four factors on the trabecular structure, in both developing and adult bone. According to our simulations, alterations in mechanical load, bone cellular activities, mechanotransduction, and mechanical tissue properties may all result in bone structural changes similar to those observed in various pathologies. For example, our simulations confirmed that decreases in loading and increases in osteoclast number and activity may lead to osteoporotic changes. In addition, they showed that both increased loading and decreased bone matrix stiffness may lead to bone structural changes similar to those seen in osteoarthritis. Finally, we found that the model may help in gaining a better understanding of the contribution of individual
Introduction
Bones efficiently adapt to changes in mechanical loading, thereby ensuring that bone density is high at load-bearing regions and low at locations of low load. During this continuous adaptation process, bone tissue is resorbed by osteoclasts, and new bone tissue is formed by osteoblasts. It is generally believed that bone adaptation is controlled by osteocytes, which act as mechanosensors and regulate osteoblast and osteoclast activity (Cowin et al. 1991; Lanyon 1993; Klein-Nulend et al. 2003) . Osteoyctes are the most abundant cell type of bone, and cell culture studies have demonstrated that they are sensitive to mechanical loading and fluid flow (Klein-Nulend et al. 1995; Mullender et al. 2004 ). Furthermore, osteocytes form an extensive network by gap-junction connections to each other, lining cells, and osteoblasts (Klein-Nulend et al. 2003; Bonewald 2006) , which makes them suitable for their mechanoregulating function.
Several conditions can lead to alteration in the bone architecture. The most common is osteoporosis, in which bone loss typically occurs as the result of hormonal changes or disuse, thereby leading to an increased fracture risk. In addition, bone disorders such as Paget's disease, osteogenesis imperfecta, and osteopetrosis are known to affect the bone tissue properties and induce bone structural changes. Finally, osteoarthritis, which is mainly known for affecting the cartilage, also affects the bone structure and tissue properties. For some of these conditions, it is likely that the changes in the bone architecture are predominantly the result of disturbances in the bone remodeling process. These disturbances can be altered osteoblast or osteoclast activity, but also changes in mechanosensitivity of the osteocytes, an affected mechanotransduction pathway, or a combination of these factors. In other cases however, the bone structural changes are likely the result of a normal load adaptation process in response to altered mechanical loading or altered mechanical bone matrix properties.
In the present paper, we grouped these possible causes for alteration in the bone architecture into four factors: changes in bone cellular activity, changes in mechanical loading, changes in mechanotransduction, and changes in mechanical tissue properties. The goal of this study was to investigate the sensitivity of the bone microarchitecture for each of these factors, thus to investigate whether typical bone structural changes seen in various conditions can be explained by one or more of these factors. For this purpose, we used a well established computational model for the simulation of bone adaptation, developed by Huiskes et al. (2000) . This model incorporates the individual actions of the different bone cell types (osteoclasts, osteoblasts, and osteocytes). The osteocytes are assumed to react to the local loading conditions by promoting osteoblastic bone formation, and the model thus incorporates osteocyte mechanosensitivity and mechanotransduction (Huiskes et al. 2000; Ruimerman et al. 2001 Ruimerman et al. , 2005 .
The four factors mentioned above were represented by parameter changes in the bone adaptation model. We systematically investigated the effects of these factors on the bone architecture as predicted by the model, by performing a sensitivity analysis. For most of these factors, more than one parameter was included, leading to a variation in a total of 13 model parameters. As representatives of model outcome, we chose bone density, trabecular thickness, trabecular number, and trabecular separation, because these parameters are frequently used to characterize bone structure, and they are important determinants of bone strength (Liu et al. 2006) . Where possible, we validated the effects of model parameter variations against experimental data from the literature. Figure 1 is a schematic representation of the bone remodeling theory (Huiskes et al. 2000) .
Methods

Mathematical description of the bone remodeling theory
Each osteocyte produces a stimulus P in response to the local strain energy density (SED) rate. At each location x on the bone surface, the total osteocyte stimulus P(x, t) is 
Here, U (x k , t) is the SED rate at the location of osteocyte k, n is the total number of osteocytes within the influence distance of x, μ is the osteocyte mechanosensitivity, and f (x, x k ) is a signal decay function:
depending on the distance between osteocyte k and location x on the bone surface d(x, x k ), and decay parameter D. If the total osteocyte stimulus P(x, t) exceeds formation threshold k thr , bone is formed according to:
Here, dV f (x,t) dt is the change in bone volume at location x due to bone formation, and τ is a time constant related to the rate of bone formation. Resorption is assumed to be triggered by randomly occurring microcracks. Therefore, the resorption chance is equal for all locations on the bone surface, determined by the frequency at which new resorption pits are formed, F res . Furthermore, at each location where resorption occurs, the same amount of tissue V cl is resorbed.
The total change in bone volume becomes:
With this volume change, the local relative bone density ρ(x, t) (ranging between 0 and 1) can be calculated, which influences the elastic modulus of the tissue E(x, t) according to:
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2D FEA model
We evaluated the effects of model parameter variation in a 2D domain. We used a square mesh of 5 mm 2 , with an element size of 50 × 50 µm. The mesh was loaded statically with 1.5 MPa compression in both horizontal and vertical directions (perpendicular to the mesh), which for a linear elastic material represents the maximum SED rate of a dynamic load of 0.75 MPa at 1 Hz (Ruimerman et al. 2001) . This external force F was varied to represent changes in mechanical load. Although literature data on stresses in cancellous bone tissue vary (Heijink et al. 2008; Jonkers et al. 2008) , the load we used is reasonable for human cancellous bone.
Model parameters
As we evaluated the model in a 2D domain, all parameters are related to area rather than volume (Table 1) . Parameters related to bone cellular activity are bone formation time constant τ , resorption space V cl , resorption frequency F res , and osteocyte density n. Mechanotransduction parameters are signal decay parameter D that represents the osteocyte influence distance, osteocyte mechanosensitivity μ, and bone formation threshold k thr . Mechanical tissue parameters are the elastic modulus and poisson ratio of both bone and bone marrow (E b , E m , ν b and ν m ), and bone material parameter γ . V cl was derived from two experimental studies. Eriksen and Kassem (1992) found that trabecular BMUs have a length of 100 µm and a thickness between 40 and 70 µm. Assuming that trabecular BMUs are approximately shaped as half a cylinder and that the length axis of a BMU runs parallel to the length axis of a trabecula, this leads to an average 2D cross-sectional area (depending on the location of sectioning) between 3.1 × 10 −3 and 5.5 × 10 −3 mm 2 . According to Parfitt (1994) , the resorption cavity in cancellous bone is approximately 30% of the BMU size, leading to a resorption area of 0.9 × 10 −3 -1.6 × 10 −3 mm 2 . n was chosen within the osteocyte lacunae density range found for various species (Marotti et al. 1990) . D was set in agreement with a simulation study (Mullender and Huiskes 1995) . E b and ν b were chosen within the range of experimental values found in literature (Rho et al. 1993; Rho 1996; Choi et al. 1990; van Rietbergen et al. 1995; Ashman et al. 1984) . For the bone marrow, no data could be found in literature, so values from previous simulation studies were used (Ruimerman et al. 2005) . γ was derived from experimental data (Currey 1988) . μ, k thr , τ , and F res , could not be derived from literature. Their values were chosen such that an equilibrium bone turnover rate of approximately 17% per year was obtained, in agreement with literature data (Han et al. 1997) . 
Bone structure parameters
To evaluate the effect of model parameter variations, we determined structure parameters from the simulated bone architectures. Bone density was determined by dividing the area of bone by the total area, and trabecular number by counting the trabecular intersections along each horizontal pixel row. Trabecular thickness was defined for each trabecular surface pixel as the smallest distance to another trabecular surface pixel, bordering a different marrow cavity. Trabecular separation was defined for each marrow cavity as the largest distance between two bone surface pixels bordering the marrow cavity.
Taguchi sensitivity analyses (Logothetis and Wynn 1989)
We separated our study into two sensitivity analyses; first, we looked at the effects of parameter variations on the development of a trabecular structure from a uniform density, and secondly we investigated the effects of parameter variations on the remodeling of an existing trabecular structure. The first analysis represents the effect of the four factors when they are already present during growth, while the second analysis represents the effect of the four factors when they occur after the development of a mature trabecular structure. For all simulations in the second analysis, the resulting structure of the baseline simulation of the first analysis was used as starting point (Fig. 2 ). We performed 3-level, fractional factorial Taguchi sensitivity analyses, based on orthogonal array (OA) designs. In every pair of columns of an orthogonal array, each combination of levels appears the same number of times, guaranteeing that the averaged effect of each parameter can be determined while the levels of all other parameters are varied. This type of fractional design dramatically reduces the number of simulations. We performed OA 27 (3 13 ) analyses, meaning that for both sensitivity analyses, 27 simulations were used for a 3-level evaluation of 13 parameters. The 3-level analysis enables the differentiation between a quadratic and a linear effect of model parameters. We chose to vary all parameters between a low level that was 85% of the standard value, a normal level (standard value, see Table 1) , and a high level that was 115% of the standard value. Table 2 shows the overview of the parameter levels of the 27 simulations that we performed for both sensitivity analyses.
From the simulation results, the correction factor (C F) and corrected total sum of squares (T SS) for each structure parameter were calculated, according to: Here, n is the total number of simulations, and Y i is the structure parameter value of simulation i. Subsequently, SS A , the sum of squares of the effect of each model parameter A, was calculated:
Here, S A i is the sum total, where parameter A has level i (ranging from l-h), and m is the number of observations for each level. Furthermore, we separated the sum of squares of each parameter into a linear (SS A,l ) and a quadratic (SS A,q ) effect:
Results
First, we determined the number of increments required to obtain an equilibrium with respect to the bone structure, by looking at the change in bone fraction, trabecular thickness, trabecular number, and trabecular separation. Based on this we decided to run all simulations from Table 2 for 1,500 increments for the first sensitivity analysis, and for 1,000 increments for the second analysis, after which the bone structure parameters were determined. Some examples of the resulting trabecular structures are shown in Fig. 2 .
Bone structure parameters
The bone structure parameters determined from the 'baseline' simulation are shown in Table 3 , together with experimental values from literature. The bone fraction seems rather high, while trabecular number seems low compared to literature values, but an increase in trabecular number would only further increase the bone fraction. The difference between simulation and experimental data can largely be attributed to the fact that in the simulations, all trabeculae are connected in the 2D plane, whereas this is not the case for 3D bone structures. Since we focus on the change in structure parameters as a result of a variation in model parameters, rather than on the structure parameter values themselves, we conclude that the simulated structure parameters are reasonable. The structure parameters were determined automatically as described in the methods section for all simulations (Table 4) . It can be seen from Table 4 that the bone fractions from the first and second analyses are almost equal for the corresponding simulations, while the other structure parameters are not. In the second analysis, the number of trabeculae is largely determined by the initial bone structure, ensuring that to obtain a similar strength, bone thickness is changed rather than trabecular number. In the model, it is difficult to create new trabeculae in an existing structure, which is why the number of trabeculae either remains at the same level or decreases in comparison with the initial structure in the second analysis. This decrease can be caused by resorption of The calculated structure parameters for each of the 27 simulations of both analyses trabeculae due to a decrease in trabecular thickness and by fusion of trabeculae due to an increase in trabecular thickness.
Statistical analysis
The correction factors, corrected total sums of squares, and sum totals per level that were calculated for each structure parameter from the results in Table 4 are shown in Tables 5  and 6 . In Table 7 , the combined sum of squares, the linear sum of squares, and the quadratic sum of squares for each model parameter with respect to the four different structure parameters are shown, expressed as the percentage of the total sum of squares for that structure parameter. When a combined sum of squares accounts for more than 5% of the total sum of squares, it is indicated by the use of bold font in Table 7 . Table 8 gives an orderly overview of the qualitative effect of individual parameter variations on bone structure parameters.
The corrected total sum of squares for the bone fraction is similar for both sensitivity analyses (Table 5) , as was expected from the similarity in bone fractions (Table 4 ). The corrected total sum of squares for the trabecular thickness and trabecular separation is larger for the second analysis, while the corrected total sum of squares for the trabecular number is higher for the first analysis. This was also expected, since the variation in trabecular number is limited when starting from an initial bone structure, which is why trabecular thickness and separation respond more strongly to parameter variations during remodeling.
Effects of model parameter variations on bone structure development
When developing a trabecular structure from a uniform density, the bone fraction is mostly influenced by changes in external load F and osteocyte influence distance D (Table 7) . Increases in F and D both lead to a higher bone fraction (Tables 6, 8 ). Additionally, increases in osteocyte density n, formation time constant τ , and osteocyte mechanosensitivity μ have a markedly positive effect on bone fraction, while increases in resorption space V cl , resorption frequency F res , and E b have a markedly negative effect on bone fraction. The most influential parameters with respect to trabecular thickness are V cl , F res , and D. Trabecular thickness is negatively related to both V cl and F res and positively related to D. In addition, trabecular thickness is negatively related to E b , and either an increase or decrease in τ leads to a decrease in trabecular thickness, while increases and decreases in ν m have the opposite effect.
Trabecular number is mainly influenced by F, V cl , and F res . An increase in F leads to more trabeculae, while increases in V cl and F res reduce the number of trabeculae. Furthermore, trabecular number is increased by increases in τ and μ or a decrease in E b .
The main determinant of trabecular separation is F, which is linearly inversely related to trabecular separation. τ, n, D, and μ are also linearly inversely related to trabecular Table 6 Sum totals per model parameter for each level (l is low, m is middle, and h is high) From this table, it can be seen whether an increase or a decrease in a certain model parameter has a positive or a negative effect on each of the structure parameters separation, while V cl , F res , and E b are positively related to trabecular separation.
Effects of model parameter variations on bone remodeling
The same parameter variations that determine the variations in bone fraction during the development of a bone structure are also the most important determinants of bone fraction variations during remodeling. Increases in F and D, and to a lesser extent τ, n, and μ, have a positive effect on bone fraction, while increases in V cl , F res , and E b have a negative effect on bone fraction. However, it can be seen that these parameters exert their effect on bone fraction by different mechanisms in remodeling than in the first analysis. In remodeling, the most influential parameters with respect to trabecular thickness are F and D, both of which are positively linearly related to trabecular thickness. Variation in D had a similar effect in both analyses, but variations in F did not have a major effect on trabecular Table 7 Sum of squares per model parameter expressed as percentage of the total sum of squares (combined, linear, and quadratic sum of squares) 
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SS A indicates the individual contribution of the variation in each model parameter to the variation in each structure parameter. SS A,l and SS A,q indicate the linearity of the relation between each model parameter and structure parameter. If a structure parameter is linearly related to a model parameter, SS A,l is equal to SS A , and SS A,q is 0 thickness in the first analysis. Additionally, V cl , F res and E b are markedly negatively related to trabecular thickness in remodeling. Trabecular number is mainly influenced by V cl and D, which is also different from the first analysis. An increase in D linearly decreases trabecular number, while both an increase and a decrease in V cl decrease trabecular number compared to normal. An increase in V cl decreases trabecular number through resorption of trabeculae, while a decrease in V cl decreases trabecular number through fusion of trabeculae. This quadratic effect is also dominant for other influential parameters such as F, n, E b , and E m . The linear effect of D indicates that an increase in D results in fusion of trabeculae, while a decrease counteracts negative effects of other parameters on trabecular number.
For trabecular separation, parameters have the opposite effect compared to their effect on bone fraction. The most influential parameters, F and D, are both inversely 
and linearly related to trabecular separation. Furthermore, increases in V cl and F res increase trabecular separation, while increases in τ, n, and μ decrease trabecular separation.
Discussion
The goal of this study was to investigate the sensitivity of the bone microarchitecture for four different factors; changes in mechanical load, changes in bone cellular activities, changes in mechanotransduction, and changes in mechanical tissue properties. We differentiated between the effect of these factors when they are already present during growth, and when they occur after the development of a mature trabecular structure. The main difference between these two analyses was that similar to in vivo bone adaptation (Frost 1999) , no new trabeculae were formed during simulations of adaptation of an existing trabecular structure. Changes in mechanical load were represented by changes in model parameter F, which had a marked effect on bone structure in both analyses. The simulations are in agreement with the effect of unloading in rats, which decreases bone fraction, trabecular thickness, and trabecular number, and increases trabecular separation (Laib et al. 2000) . It has been known for a long time that decreased loading can induce bone loss, for example during disuse-related osteoporosis or space flight. In contrast, increased joint loading may play a role in the development of subchondral sclerosis in osteoarthritis. In osteoarthritic joints, bone fraction and trabecular thickness are frequently increased, while trabecular number and trabecular separation are decreased (Bobinac et al. 2003; Grynpas et al. 1991; Fazzalari and Parkinson 1998) . This is in concurrence with our high load simulations.
Model parameters related to bone cellular activities are bone formation time constant τ , resorption space V cl , resorption frequency F res , and osteocyte density n. Although the effect for these individual parameters was not as marked as for the mechanical load, alterations in each changed the bone structure in both analyses. We predicted increases in bone fraction and trabecular thickness in response to an increase in τ , which represents osteoblast activity. This is in agreement with the effect of prostaglandin E administration (Lin et al. 1994) , which has been shown to block osteoblast apoptosis (Machwate et al. 1998) . In contrast, a decrease in osteoblast activity seems to compromise the mechanical properties of the bone, indicating that this may play a role in bone degenerative processes. Variations in F res and V cl , representing the number of active osteoclasts and the osteoclast resorption area respectively, both had a similar influence on the bone structure, although the model was more sensitive for V cl . It is likely that the increases in both osteoclast number and osteoclast activity caused by estrogen deficiency (Henriksen et al. 2007 ) play an important role in postmenopausal osteoporosis. Similar to our simulations of increases in F res and V cl , estrogen deficiency decreased trabecular thickness and trabecular number, and increased trabecular separation in rats (Bagi et al. 1997 ). In the model, a decrease in osteocyte density negatively affected the bone architecture, because osteocytes promote osteoblastic bone formation in response to mechanical load. Decreases in osteocyte density have been reported for osteoporotic patients (Mullender et al. 2005) , so this might indeed contribute to the bone loss observed in those patients. However, this is in conflict with a concurrent theory, which states that osteocytes inhibit osteoblastic bone formation in the absence of load (Martin 2000; van Bezooijen et al. 2004 ). In mice, killing 70-80% of the osteocytes induced bone loss under ambulatory conditions (Tatsumi et al. 2007 ), similar to our simulations. However, in mice subjected to unloading, osteocyte ablation protected against bone loss (Tatsumi et al. 2007 ). This negative feedback mechanism is absent in our model, which means that under unloading conditions, the effect of a change in osteocyte number was not predicted correctly.
Model mechanotransduction parameters are osteocyte influence distance D, osteocyte mechanosensitivity μ, and bone formation threshold k thr . A decrease in D had a detrimental effect on bone architecture, indicating that blocking biochemical osteocyte signals could play an important role in bone diseases. In oculodentodigital dysplasia, osteocyte gap-junction connections are affected. But the skeletal abnormalities in this disease can not solely be attributed to blockage of biochemical osteocyte signals, since for example osteoblast differentiation is also affected (Civitelli 2008) . With respect to μ, our simulations show that when osteocytes become desensitized to mechanical loading, this may lead to deterioration in the bone architecture. Even in normal bone remodeling, desensitization is thought to occur after prolonged exposure to increased load (Schriefer et al. 2005) . Possibly, pathologic conditions exist in which this desensitization is permanent. The predicted bone structure was not sensitive for changes in k thr , which represents the mechanical reference point for bone formation. Even in equilibrium, the osteocyte stimulus (locally) exceeded the formation threshold, resulting in basal bone formation that balances bone resorption. This indicates that the 15% variation of k thr that we applied is relatively small compared to the difference between the osteocyte stimulus and formation threshold. If our simulations correctly represent in vivo bone remodeling, this means that a relatively small change in the sensitivity of osteoblasts for load-induced stimuli would not markedly affect bone architecture.
Mechanical tissue parameters included in the model are the elastic modulus and poisson ratio of both bone and bone marrow (E b , ν b , E m and ν m ), and bone material parameter γ , which relates the bone elastic modulus to the bone volume fraction. The predicted bone structure was not sensitive to changes in ν b . Changes in ν m only had a minor influence on trabecular thickness in the first analysis, and changes in γ and E m only had a minor influence on trabecular number in the second analysis. In contrast, variations in the bone matrix stiffness did have a marked effect on bone architecture and may play a role in both osteoarthritis and osteogenesis imperfecta. Bone matrix stiffness is decreased in osteoarthritic joints (Day et al. 2001) , and similar to our simulations, bone fraction and trabecular thickness are increased, while trabecular number and trabecular separation are decreased in osteoarthritic joints (Bobinac et al. 2003; Grynpas et al. 1991; Fazzalari and Parkinson 1998) . In analogy with this, the changes in bone structure observed in osteogenesis imperfecta might be caused by an increase in bone matrix stiffness as a result of increased mineralization. In various forms of osteogenesis imperfecta, the bone fraction and trabecular thickness were increased, while trabecular number was decreased (Rauch et al. 2000) , similar to our predicted effect of an increase in matrix stiffness during bone adaptation.
In the model, it is assumed that osteocytes can sense an SED equivalent loading measure and that they can stimulate osteoblast cells in their vicinity. Although these are assumptions, we have demonstrated in earlier studies that this model can explain a large number of trabecular bone features (Ruimerman et al. 2001) and that its results are not strongly dependent on the choice of the exact load parameter sensed by the osteocytes (Ruimerman et al. 2005) or even the assumed regulation mechanism (van Oers et al. 2010) . In the present study, we used a 2D model, which limits the structures that can be represented. However, the aim was to investigate changes in bone architecture rather than to predict realistic trabecular structures, and the predicted changes in bone architecture seem to be in agreement with the in vivo remodeling response.
A strong point of our sensitivity analysis approach is that it can identify the importance of different factors in multi-factorial bone diseases. For example, it is known that Paget's disease is associated with increased osteoclast numbers and osteoclast activity (Ralston et al. 2008 ). This would be expected to decrease bone fraction and trabecular thickness, but instead these parameters seem increased in bone affected by Paget's disease. This may be explained by the decrease in bone matrix stiffness that is observed in Paget's disease, because this would result in a counteracting effect according to our simulations.
In conclusion, we found that alterations in mechanical load, bone cellular activities, mechanotransduction, and mechanical tissue properties may all affect bone architecture and play a role in various degenerative processes. Our predicted changes in bone architecture seem to be in agreement with the in vivo remodeling response, which makes the model a useful tool for the investigation into bone diseases and therapies. In particular, our simulations may help in gaining a better understanding of the contribution of individual disturbances to a complicated multi-factorial disease process.
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